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Summary 
 
The mammalian protein kinase C (PKC) superfamily plays regulatory roles in many different cellular 
processes. However, due to the many members existing in the cells, it is very complicated to present 
experimental evidence of the particular function of each member. By contrast, yeasts have only one or 
two PKC members and genetic tools unveiled their role as main regulators of cell integrity. In this review 
we will discuss the function of yeast protein kinase C homologues, their mechanism of activation and 
the signalling pathways that they regulate in the two model yeasts, Saccharomyces cerevisiae and 
Schizosaccharomyces pombe.   
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Introduction 
 
S. cerevisiae Pkc1p was identified by homology to proteins from the PKC family in animal cells (1). It is 
the only protein of this family in the budding yeast. Cells lacking Pkc1p lyse with a small bud and the 
phenotype is partially suppressed by an osmotic stabilizer, suggesting a defective cell wall, as 
corroborated by transmission electron  microscopy (2). 
Pkc1p is a 132 kDa kinase with several regulatory domains (Figure 1). At the N-terminus of the protein 
there are two copies of  the HR1 domain, which is also present in other Rho-binding proteins and is 
responsible for the binding of PKN/PRK1 and PRK2 to RhoA GTPase (3, 4) Additionally, it has a C2 
domain; the pseudosubstrate site; a C1 domain ; the kinase domain, and the V5 region at the C-
terminus. The C1 domain activates PKCs through diacylglycerol (DAG) binding and C2 domain allows 
calcium activation. However, Pkc1p is neither activated by calcium nor by DAG (5).  It has been 
proposed that C1 participates in the binding to Rho1p (6) 
The fission yeast has two PKC homologues, Pck1p and Pck2p (7), which are very similar to Pck1p (see 
Figure 1) but they do not have a C2 domain (7, 8).  pck1+ and pck2+  share overlapping roles in cell 
viability and partially complement each other (7). The lytic phenotype of pck1D pck2D double deletion 
mutant is lethal. However, pck1D and pck2D strains show different behaviour, pck1D cells do not have 
an apparent phenotype, except hypersensitivity to Calcofluor White, whereas, pck2D cells are 
thermosensitive, display abnormal morphology, polarity defects, and a very thin cell wall (7). In addition, 
pck2D protoplasts are unable to regenerate the cell wall (9). pck2+ overexpression is lethal and cells 
have very thick cell walls, whereas pck1+ overexpression does not cause any apparent phenotype (10).  
 
Yeast PKC activation 
 
Yeast Pkcs are directly activated by Rho GTPases (11-13). In S. pombe, GTP-bound Rho1p and Rho2p 
interact with both Pck1p and Pck2p (10, 14). The two HR1 motifs at the N-terminus of the kinases are 
responsible for binding to Rho1p or Rho2p (10). The N-terminus of Pck1p and Pck2p also contains 
PEST sequences, involved in degradation. In fact, both kinases are very unstable, and the interaction 
with GTP-Rho1p increases their stability (10, 14).  The stabilization of Pcks in the vicinity of activated 
Rho GTPases, would ensure a high local concentration of these kinases, precisely in the areas where 
the cell is growing (15-18). Consistent with this idea, Pck1p and Pck2p co-localize with Rho1p in S. 
pombe (14)  and active Rho1p is required for the dynamic spatial and temporal localization of S. 
cerevisiae Pkc1p to sites of polarized growth and cell wall damage (19). 
Although it is clear that Rho GTPases are required for PKC activation in yeast cells, the precise 
mechanism of activation has yet to be elucidated. In animal cells, the activities of the PKC and  PRK 
family of kinases are controlled by phosphorylation of a conserved threonine residue within the activation 
loop of the kinase domain that is essential for activity (3, 20). Additionally, the pseudosubstrate site, 
conserved in all PKCs, is proposed to maintain the kinase in an inactive state. Thus, a conformational 
change is apparently involved in PKC activation. It has been established that PDK1 phosphorilates and 
activates PRKs, some PKCs, and some other kinases, such as PKB, with similar activation loop (4, 
21). In the case of PRKs, the interaction between these kinases and PDK1 is dependent on active 
RhoA. The binding of GTP-RhoA leads to a conformational change in PRKs that allows PDK1 binding 
and phosphorylation of the PRK activation loop (4). 
 A similar mechanism may also explain PKC activation in yeast. S. cerevisiae Pkh1p and Pkh2p are 
homologous to PDK1 (22, 23), and share an essential function as activators of Pkc1p. Pkh1p and Pkh2p 
can be replaced by human PDK1, suggesting a well conserved mechanism of action. Therefore, it is 
possible that yeast Pkc1p activation is similar to that of PRKs in animal cells. Pkc1p would be 
stabilized and localized by active Rho1p to growth areas, where Pkh1p or Pkh2p-mediated Pkc1p 
phosphorylation would lead to the activation of  the cell integrity pathway. It has also been reported that 
Ypk1p and Ypk2p, an essential pair of homologous kinases and proposed downstream effectors of 
PKHs and sphingolipids, are regulators of the PKC1-controlled MAP kinase cascade (24). 
A single S. pombe gene, ksg1+, codes for a kinase that shows structural homology to the human PDK1 
(25). ksg1+ is essential and can be replaced by the human PDK1. It is possible that Ksg1p kinase 
activates Pck1p and Pck2p although this has not been studied. 
 
Pkc1p signalling pathways in S. cerevisiae. The cell integrity pathway 
 
The involvement of Pkc1p in the regulation of S. cerevisiae cell wall biosynthesis (Figure 1A) is well 
known (26). Rho1p plays a key function in this pathway since, as mentioned, it participates in Pkc1p 
activation and is also a positive regulator of the (1,3)b-D-glucan synthase, responsible for the synthesis 
of the S. cerevisiae main cell wall polymer.  
Any cell wall defect is detected by a family of membrane receptors, Wsc1-4 and Mid2p, that act as 
sensors of the osmotic equilibrium (27). Wsc1p and Mid2p act during cell wall remodelling required for 
vegetative growth. Additionally, Mid2p acts during the mating process to ensure cell wall integrity during 
projection formation (28). Wsc1p and Mid2p  interact and activate Rho1p through the GDP exchange 
factor (GEF) Rom2p (29). Rom1p and Tus1p are also Rho1-GEFs but the upstream signalling is not 
clear (24, 30). Interestingly, Tor2p, an essential phosphatidylinositol kinase involved in the coordination 
between nutritional signals and cell growth, also regulates actin organization, activating Rho1p and 
Pck1p through Rom2p (31). Thus, Tor2p might act in the cell integrity pathway as a nutrient sensor that 
connects protein synthesis, required for active growth, with cell wall biosynthesis and cell integrity. It 
has been demonstrated recently that the Pkc1 pathway is required for viability in quiescence acting 
downstream of TOR to maintain cell integrity (32). 
The main target of Pkc1p activation is the MAPK cascade module consisting of Bck1p (MAPKKK), 
Mkk1p and Mkk2p, two redundant MAPKKs and the MAPK, Slt2/Mpk1p. Mutants in the MAPK 
signalling cascade undergo cell lysis because of a deficiency in cell wall construction (26). Activation of 
Pkc1p leads to sequential phosphorylation of this MAPK cascade which is specifically activated during 
polarized growth (29) and in stress conditions of hyperthermia or hypo-osmosis (12).    
Rlm1p and SBF are the main transcription factors responsible for the Slt2/Mpk1p cell wall regulation (33, 
34). At least 25 genes that are involved in the biosynthesis of the cell wall, and regulated by Slt2/Mpk1p 
and Rlm1p , have been described (33). 
Cells lacking Pkc1p lyse at all temperatures, whereas the MAPK pathway is only essential at high 
temperatures, suggesting that Pkc1p also acts through other effectors. In fact, some signalling events 
that require Pkc1p, including actin depolarization (35), repression of ribosome synthesis and rRNA in 
secretion defective cells (36), transient relocation of many nuclear proteins to the cytoplasm during 
hypertonic shock conditions (37) or maximal N-glycosylation activity  (38), do not require the 
downstream MAPK cascade. 
Another possible Pkc1p effector is Bck2p. BCK2 gene was originally characterized as a multicopy 
suppressor of cell lysis defects in slt2/mpk1D or pck1D mutants (39). BCK2 encodes a protein of 
unknown function that might signal in a branch of the PKC1-activated integrity pathway, different from 
the MAPK pathway, capable of inducing SBF (40). A protein with putative sensor and transporter 
domains, Cwh43p, is upstream of this parallel Pkc1-Bck2 signalling pathway (41).   
In order to retain cell viability and growth polarity, the integrity pathway must be perfectly coordinated 
with the cell cycle. Thus, there is a cell cycle regulation of the Pkc1-pathway, and in turn, there is a 
morphogenetic checkpoint regulating the cell cycle. Slt2/Mpk1p activity is stimulated at the G1-S 
transition of the cell cycle, when the formation of a new bud occurs  (42). Pkc1p is required for this 
activation. However, the mechanism by which the regulatory kinase Cdc28p stimulates Pkc1p has yet to 
be elucidated.  
S. cerevisiae responds to environmental and cell wall stresses by transiently depolarizing the actin 
cytoskeleton (35). As a consecuence, a morphogenetic checkpoint delays cell cycle progression in G2. 
This pause allows time for cells to complete bud formation prior to mitosis and couples cell cycle 
progression to proper bud formation. The signal for depolarization of the actin cytoskeleton is mediated 
by  Wsc sensor proteins, Rho1p, and Pkc1p. All the integrity MAPK cascade is required for an effective 
G2 checkpoint response mediated by activated Slt2/Mpk1p. This kinase seems to function down-
regulating the phosphatase Mih1p, which activates Cdc28p (43). 
Genetic evidence indicate that the cell integrity pathway also participates in the regulation of the spindle 
pole body (SPB) duplication at the G1/S transition (44). 
 
Function of Pck1p and Pck2p in S. pombe 
 
The fission yeast PKCs are very close to Pkc1p, and the Rho1p activation mechanism seems to be 
conserved. Additionally, in S. pombe, Rho2p also activates Pck2p (18). However, very little is known 
about the signalling mechanism from the cell surface to the Rho GTPases. Proteins similar to the Wsc 
family of receptors exist in the S. pombe genome. Two possible homologues to Rom1p and Rom2p also 
exist  but have not been studied yet. 
An interesting difference among budding and fission yeast is that S. pombe  Pck1p and Pck2p does not 
seem to signal through an integrity MAPK cascade. The Mkh1p-Pek1p-Spm1/pmk1p module is 
activated under hypertonic conditions (45), and is not regulated by either Pck1p or Pck2p but is 
activated by Shk2/Pak2p, a kinase of the PAK family which is, in turn, regulated by  Cdc42p GTPase 
(46).  
Pck1p and Pck2p kinases are essential and required for the maintenance of (1-3)b-D glucan synthase 
activity (10). Interestingly, overexpression of pck2+, but not pck1+, causes a general increase in cell wall 
biosynthesis that correlates with an increment in the b-glucan content, and with activation of the (1-3)b-D 
glucan synthase activity (10). Additionally, Pck2p plays a crucial role in the regulation of mok1+, a gene 
encoding the putative a-D-glucan synthase (47). Pck2p is required for Mok1p localization to the growth 
areas, and this pathway is mainly regulated by Rho2p (47). Pck1p is not involved in a-D-glucan 
biosynthesis.  
Rho1p regulates (1-3)b-D-glucan biosynthesis directly as well as through Pck2p or Pck1p (10, 14). 
Rho2p also localizes to the growth areas, interacts with Pck2p and signals to Mok1p through this 
kinase. It seems therefore, that both GTPases mainly use Pck2p to coordinately regulate the 
biosynthesis of the two main S. pombe cell wall polymers, and the role of Pck1p in cell wall integrity 
remains to be established (Figure 1B). pck1+ showed genetic interactions with ras1
+
 and ral1
+
 (10). 
pck1+ also showed genetic interaction with ppe1+, a gene encoding a type 2A phosphatase. ppe1D cells 
are short and pear-shaped (48), and this phenotype is suppressed by pck1+ overexpression.  
Pck2p, but not Pck1p, also shares some functions with calcium signalling pathways. A genetic 
interaction between pck2+ and ehs1+ has been established. ehs1+ codes for a protein similar to S. 
cerevisiae Mid1p, and is involved in intracellular calcium accumulation (49). Overexpression of pck2+ 
causes a strong calcium accumulation that depends on the presence of Ehs1p. On the other hand, the 
phenotypes caused by overexpression of pck2+  are suppressed in ehs1D cells (49). These results 
suggest that Pck2p regulates accumulation of cytosolic calcium, which in turn, is required to activate 
Pck2p, although this kinase does not have a C2 domain.  
Growth in yeast is always limited by the existing cell wall. The cells must organize regions where the 
wall will be weakened to allow the incorporation of new material (13). Therefore, a coordinated regulation 
of cell wall biosynthetic enzymes and actin organization is necessary to keep cell viability. PKC 
homologues, well conserved among different fungi (50), seem to be main regulators of cell growth (13, 
26, 51). The study of the relationship between these proteins and their direct effectors will help to clarify 
the complex mechanisms of cell wall assembly and maintenance of cell integrity.  
Figure legends 
 
Figure 1. Schematic representation of S. cerevisiae (ScPkc1p) and S. pombe (SpPck1p and SpPck2p) 
PKCs. Conserved domains are: HR1, Rho-binding domain; C2, calcium-dependent phospholipid binding 
domain; PS, pseudosubstrate; C1, DAG binding domain; K, kinase; V5, regulatory region. The number 
of amino acid residues included in each domain are indicated.  
  
Figure 2. Schematic representation of PKC signalling pathways in S. cerevisiae (A) or S. pombe (B) 
Activations that may be indirect are shown as broken grey arrows, and those that are presumed have a 
question mark (?). 
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